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Aspha l t enes  f rom l i q u e f a c t i o n  o f  c o a l  have  c h a r a c t e r i s t i c  p r o p e r -  
t i e s  o f  s o l u b i l i t y ,  v i s c o s i t y ,  and s p e c t r o s c o p y  t h a t  on t h e  one  hand 
r e q u i r e  e x p l a n a t i o n ,  and on t h e  o t h e r  hand  c o u l d  p r o v i d e  i n s i g h t  i n t o  
t h e  complex chemica l  n a t u r e  of t h e s e  s u b s t a n c e s .  Knowing t h a t  a s p h a l -  
t e n e s  can  be  s e p a r a t e d  i n t o  n e u t r a l ,  a c i d i c  and  b a s i c  f r a c t i o n s  and 
t h a t  t h e  a c i d s  a r e  p h e n o l i c  and t h e  b a s e s  are a p p a r e n t l y  p y r i d i n e  
d e r i v a t i v e s ,  w e  t u r n e d  o u r  a t t e n t i o n  t o  t h e  h y p o t h e s i s  t h a t  p h e n o l i c  
s t r u c t u r e s  hav ing  two o r  more hydroxy l  g roups  p e r  molecu le  and  h e t e r o -  
c y c l i c  b a s e s  o f  t h e  p y r i d i n e  t y p e  w i t h  t w o  o r  m o r e  b a s i c  s i tes might  
when mixed d i s p l a y  p r o p e r t i e s  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  a s p h a l t e n e s .  

n u c l e a r  magnet ic  r e s o n a n c e  s p e c t r a  showing some a b s o r p t i o n  i n  t h e  
r e g i o n  6 3 t o  4. T h i s  is t o o  f a r  u p f i e l d  t o  be due  t o  aromatic o r  
o l e f i n i c  hydrogens ,  and t o o  f a r  downf ie ld  t o  b e  due  t o  s i m p l e  a l k y l  
g roups ,  even  when t h e y  b e a r  phenyl  s u b s t i t u e n t s .  However, t h e  
g r e a t e r  e l e c t r o n - w i t h d r a w i n g  power o f  t h e  p y r i d i n e  r i n g  migh t  be  
enough t o  s h i f t  a l i p h a t i c  r e s o n a n c e  t o  t h a t  r e g i o n .  W e  t h e r e f o r e  
chose  s t r u c t u r e s  h a v i n g  two o r  more phenol  o r  p y r i d i n e  r i n g s  l i n k e d  
by a series o f  methylene  g roups  r a n g i n g  between one  and s i x .  Such 
compounds would be  c a p a b l e  o f  m u l t i p l e  hydrogen  bonding  w i t h  each  

I n  choos ing  model compounds, w e  n o t e d  t h a t  a s p h a l t e n e s  have  

OH OH 

o t h e r ,  ana logous  t o  a s p h a l t e n e s  (11, and t h e i r  m i x t u r e s  c o u l d  be  an-  
t i c i p a t e d  t o  have h i g h  v i s c o s i t i e s .  Fu r the rmore ,  w e  had a l r e a d y  
demons t r a t ed  t h e  p r e s e n c e  of c h a i n s  of methylene  g roups  i n  a s p h a l -  
t e n e s  ( 2 ) .  

Methylene-4,4'-bisphenol and i t s  2 , 2 ' - i s o m e r  a r e  commerc ia l ly  
a v a i l a b l e .  B i s p h e n o l s  w i t h  a two-carbon b r i d g e  w e r e  s y n t h e s i z e d  from 
t h e  a p p r o p r i a t e  benza ldehyde  by t h e  benzo in  c o n d e n s a t i o n  and  r educ -  
t i o n .  B i spheno l s  w i t h  o t h e r  b r i d g e s  w e r e  p r e p a r e d  as  shown i n  t h e  
e q u a t i o n s ,  u t i l i z i n g  t h e  F r i e s  r ea r r angemen t .  T r i s p h e n o l s  w e r e  p re-  
pa red  by a doub le  Fr ies  r e a r r a n g e m e n t ,  and  t e t r a k i s p h e n o l s  w e r e  p re -  
pa red  from b i s p h e n o l  e t h e r s  by a d o u b l e  F r i e d e l - C r a f t s  r e a c t i o n  
u s i n g  methoxyphenyla lkanoyl  c h l o r i d e s ,  r e d u c t i o n ,  and  d e m e t h y l a t i o n .  

2 -ArCH=O -+ Ar-CHON-CO-Ar + A r - C N 2 C H 2 - A r  

HOArCH=O + CH3COAr 'OH + HOArCH=CHCOAr 'OH + H O A r - ( C H 2 ) 3 - A r ' O H  

HOArH + C 1 C O ( C H 2 ) n - 2 C O C 1  + + H O A r C O ( C H 2 ) n - 2 C O A r O H  + H O A r ( C H 2 ) , A r O H  

B i s p y r i d i n e s  and b i s q u i n o l i n e s  w e r e  p r e p a r e d  a s  shown, or  were 
p r e p a r e d  from q u i n o l y l m e t h y l l i t h i u m  and an  = ,R-dibromoalkane .  

P ~ C H = O  + P y a 3  + PYCH=CHPY -t P Y ( C H ~ ) ~ P Y  
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1- (2 -Pyr idy l )  -2- (2-hydroxyphenyl)  e t h a n e  w a s  p r e p a r e d  a n a l o g o u s l y  
from a - p i c o l i n e  a n d  s a l i c y l a l d e h y d e  and r e d u c t i o n  o f  t h e  r e s u l t i n g  
s t i l b e n e  a n a l o g  w i t h  H2/Pd. 

nmr s p e c t r a  of t h e  b i s p y r i d i n e s ,  and  e s p e c i a l l y  t h e  b i s q u i n o l i n e s ,  
s i m u l a t e  t h e  a l i p h a t i c  r e g i o n  o f  a s p h a l t e n e  s p e c t r a ,  i n c l u d i n g  t h e  
downf ie ld  end ,  r e a s o n a b l y  w e l l .  

Mix tu res  o f  a pheno l  and  a p y r i d i n e  f rom th i s  g r o u p  w e r e  more 
d i f f i c u l t  t o  d i s s o l v e  t h a n  t h e  p u r e  compounds, a n d  t e t r a h y d r o f u r a n  
w a s  t h e  o n l y  i n e r t  s o l v e n t  t h a t  showed a g e n e r a l  a b i l i t y  t o  d i s s o l v e  
t h e m .  I n  t h i s  respect,  there is a s i m i l a r i t y  to  p r e a s p h a l t e n e s  o f  
H-coal vacuum bottoms. 

The compounds and  t h e i r  p r o p e r t i e s  are l i s t e d  i n  T a b l e  I .  The 

T a b l e  I 
P h e n o l s  and  P y r i d i n e s  

" a l i p h a t i c " a  
N o .  Compound mp, OC NMR, ppm 
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4-HOC6H4 (CH2) ,C6H4-OH 
n = 2  
n = 3  
n = 4  

n = 3  

n = l  
n = 3  

n = 5  
n = 6  

n = 2  
n = 3  

3-HOC6H4 (CH2) ,C6H4-3-OH 

2-HOC6H4 (CH2) ,C6H4-2-OH 

2-HO-5-CH3C6H3(CH2)nC6H3-5-CH3-2-OH 

C5H4N-2- ( C H 2 )  .-2-C5H4N 

C5H4N-4-  (CH2) .-4-C5H4N 

n = 2  
n = 3  

C5H4N-2-  (CH2) 2-4-C5H42*' 

C5H4N-3- ( C H 2 )  2-4-C H N 

C5H4N-2-  ( C H 2 )  2-3-C5H4N 

2 - q u i n o l y l  ( C H 2 )  n-2-quinolyl  

5 4  

n = 2  
n = 6  

2-C5H4N- ( C H 2 )  2-2-C6H40H 

198-99 
96-98 

158-59 

131-33 

115-17 
83-85 

103-05 
123-24 

107-10 
l i q .  

109-109.5 
57-60 

l i q .  

34-36 

l i q .  

162-63 
90-91 - 5  

87.5-88 

2 .9  
1.6-2.8 
1.5-2.5 

2 . 0 ,  2.8 

4 . 2  
1.0-2.8,  5.3 

2 .7 ,  4 .8  
1 . 4 ,  2.2 

3 .4  
2 -0-2 .5 ,  
2.6-3.1 

2.95 
1.9-2.4,  
2.5-3.0 

2.95 

2.95 

2.90 

3.55 
1 .3-2 .2 ,  
2.9-3.3 

3.18 

I n  a l l  compounds,  aromatic 'H r e s o n a n c e  o c c u r r e d  i n  t h e  r e g i o n  
7-9 ppm. 

I n i t i a l l y ,  w e  p l a n n e d  t o  measure v i s c o s i t y  i n  s o l u t i o n ,  owing t o  
t h e  f a c t s  t h a t  mos t  o f  t h e  compounds w e r e  s o l i d s ,  and  t h e  q u a n t i t i e s  
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w e r e  i n  most c a s e s  s m a l l ,  owing t o  t h e  l a b o r i o u s  s y n t h e s e s .  The 
s o l v e n t s  used by p r e v i o u s  worke r s  t o  s t u d y  t h e  e f f e c t  o f  hydrogen  
bonding  on v i s c o s i t y  (benzene ,  e t h a n o l ,  e t h y l  o r  amyl acetate)  would 
n o t  d i s s o l v e  s u f f i c i e n t  q u a n t i t i e s  o f  o u r  m a t e r i a l s ,  and  w e  were 
d r i v e n  t o  use  t e t r a h y d r o f u r a n .  T h i s  s o l v e n t  had a l r e a d y  been  used  
t o  s t u d y  a s s o c i a t i o n  i n  a s p h a l t e n e s  by Schwager,  Lee and  Yen (l), 
u s i n g  vapor  p r e s s u r e  osmometry. 

Measurements o f  s o l u t i o n s  o f  s i n g l e  p h e n o l s  o r  p y r i d i n e s  and 
m i x t u r e s  of them w e r e  made i n  0 . 1  molar  s o l u t i o n s  i n  THF on a n  Ub- 
be lohde  v i s c o m e t e r  a t  2 5 . 0 0 t 0 . 0 2 ° ,  c a l i b r a t e d  a g a i n s t  w a t e r ,  d i -  
me thy l  s u l f o x i d e ,  and THF. The v a l u e s  o f  n so o b t a i n e d  are shown 
i n  Tab le  11. 

Tab le  I1 
V i s c o s i t i e s  o f  0 . 1  M S o l u t i o n s  i n  T e t r a h y d r o f u r a n  

None 0 . 4 6 1  
1 7  1 0 7 . 2  0 . 8 9 3 0  0 . 5 0 1 7  

0 . 4 9 4 8  6 1 0 6 . 0  0 . 8 9 0 9  
0 . 5 0 7 6  6 + 1 7  1 0 8 . 2  0 . 8 9 5 2  

1 5  1 0 4 . 1  0 . 8 8 8 0  0 . 4 8 4 5  
6 + 1 5  1 0 5 . 0  0 . 8 9 0 6  0 . 4 9 0 1  
1 5  + methylene-2,2'-bisphenol 1 0 5 . 8  0 . 8 8 9 6  0 . 4 9 3 3  

The r e s u l t s  show t h a t  t h e  v i s c o s i t i e s ,  n ,  do n o t  d i s t i n g u i s h  t h e  
s o l u t i o n s  i n  which 0 - t o - N  hydrogen  bonding  c a n  o c c u r  f rom t h o s e  i n  
which it canno t .  T h i s  f a c t  a p p e a r s  t o  a r i s e  from t h e  n a t u r e  o f  t h e  
s o l v e n t ,  which can  i t se l f  ac t  a s  a n  a c c e p t o r  i n  hydrogen bonding .  
The ene rgy  of f o r m a t i o n  of t h e  phenol-THF hydrogen bond h a s  been re- 
p o r t e d  t o  be 2.6 kcal /mol  ( 3 )  and t h a t  of t h e  p h e n o l - p y r i d i n e  hydroqen  
bond t o  b e  8 .0  kcal /mol  ( 4 ) .  However, i n  t h e  0 . 1  M s o l u t i o n s ,  t h e  
c o n c e n t r a t i o n  of t h e  s o l v e n t  THF i s  two o r d e r s  o f  magni tude  g r e a t e r  
t h a n  t h a t  of t h e  p y r i d i n e ,  such  t h a t  t h e  s o l v e n t  can  compete e f f e c -  
t i v e l y  w i t h  t h e  p y r i d i n e  f o r  t h e  pheno l .  T h i s  l e v e l i n g  e f f e c t  
g r e a t l y  r e d u c e s  t h e  v a l i d i t y  o f  s t u d i e s  o f  hydrogen bond ing  between 
s u b s t r a t e s  i n  THF; u n f o r t u n a t e l y ,  t h e  s o l u b i l i t y  c h a r a c t e r i s t i c s  of 
t h e  s u b s t r a t e s  d i d  n o t  allow a more i n e r t  s o l v e n t  t o  be  used .  

The f o r e g o i n g  r e s u l t s  demons t r a t ed  t h a t  v i s c o s i t i e s  would have  
t o  be measured on u n d i l u t e d  m e l t s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  r o l e  o f  
hydrogen  bonding. Such expe r imen t s  r e q u i r e  much l a r g e r  s amples  t h a n  
w e  had been a b l e  t o  p r e p a r e  o f  most o f  t h e  s u b s t r a t e s ,  and  w e  t h e r e -  
f o r e  l i m i t e d  t h e s e  e x p e r i m e n t s  t o  t h o s e  s u b s t a n c e s  t h a t  were a v a i l -  
a b l e  i n  s u f f i c i e n t  q u a n t i t y .  Fu r the rmore ,  t h e  n e c e s s i t y  t o  w o r k  
w i t h  m e l t s  a t  e l e v a t e d  t e m p e r a t u r e s  d i c t a t e d  a change i n  measure- 
ment t e c h n i q u e ,  and w e  t h e r e f o r e  u s e d  a B r o o k f i e l d  E n g i n e e r i n g  
L a b o r a t o r i e s  model LVT r o t a t i o n a l  v i s c o m e t e r ,  u s i n g  a B r o o k f i e l d  UL 
sample  ce l l  s u i t a b l e  f o r  v i s c o s i t i e s  o f  1 t o  1 0  c p ,  o r  a s p e c i a l l y  
d e s i g n e d  small sample c e l l  (1.5-2.0 m l )  f o r  v i s c o s i t i e s  i n  t h e  r ange  
1 0 0 - 1 0 , 0 0 0  cp .  The e n t i r e  a p p a r a t u s  was e n c l o s e d  i n  a g l a s s  con- 
t a i n e r  which was immersed i n  a t h e r m o r e g u l a t e d  b a t h  o f  s i l i c o n e  o i l .  
Measurements on model compounds were made on 15-g. samples  under  an  
a rgon  a tmosphere  a t  a series of i n c r e a s i n g  t e m p e r a t u r e s .  Measure- 
ments w e r e  r e p r o d u c i b l e  a f t e r  c o o l i n g  and r e m e l t i n g  f o r  t h e  model 
compounds, b u t  n o t  f o r  c o a l - d e r i v e d  m a t e r i a l s  u n t i l  t h e  sample had 
been s u b j e c t e d  t o  s e v e r a l  h e a t i n g / c o o l i n g  c y c l e s .  
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Although a r a n g e  of t e m p e r a t u r e s  was u s e d  i n  e a c h  case, v a r i a -  
t i o n s  i n  m e l t i n g  p o i n t  and  v i s c o s i t y  p r e c l u d e d  compar ing  a l l  samples 
a t  the s a m e  t e m p e r a t u r e .  Changes i n  s h e a r  rate ( 6 ,  30, 60 rpm) 
showed some non-Newtonian b e h a v i o r  (shear t h i n n i n g ) ,  which  w a s  p ro-  
nounced  w i t h  some samples. Comparison o f  s a m p l e s  i s  t h u s  m o r e  re- 
l i ab le  a t  h i g h e r  s h e a r  rates,  and  o n l y  v a l u e s  a t  60 rpm are shown 
h e r e .  R e p r e s e n t a t i v e  r e s u l t s  are g i v e n  i n  T a b l e  111. 

T a b l e  I11 
V i s c o s i t i e s  o f  U n d i l u t e d  M e l t s  a t  60 rpm and  A c t i v a t i o n  Pa rame te r s  

lnrl = A + En/RT 
A Ea a t  160°  a t  180"  a t  210° 

(cp)  ( c p )  (CP) n Sample 

11 
1 2  

CH2 ( 4 - C 6 H 4 0 H )  

CH2 (2-C6H40H) 

CH2(4-C6H40H)2 + 11 
CH2(2-C6H40H)2 + 11 

CH2 (2-C6H40HI2 + 1 2  

CH2(4-C6H40H12 + 1 2  

2 + 11 

b 1 8  
" o i l s  L r e s i n s " -  
" low mol. wt.  '' a s p h a l t e n e s g  
"h igh  mol. w t . "  a s p h a l t e n e s g  

1 .25  
1.39 

3 .99  2.70 

4.84 3 .45  2 .13  

6 .55  4.19 2.26 

4.24 2.12 

3 .58  2 .45  

2.48 
5.17 3 .68  
2.77 2 .08  
3.84 2.70 

6 .95  4 .68  
1550 .0d  

-5.1 4.6 
-5.2 4.9 
-5.6 6.3 

-6.2 6.7 

-8.0 8.4 

-10.0 10 .4  

- 1 0 . 2  9.9 

--4.8 5.6 

-6.3 6.9 
-8.1 7.8 
-7.5 7.6 
-5.7 6.9 
-5.2 55.5 

- a .  kca l /mol .  b. P e n t a n e - s o l u b l e  f r a c t i o n  o f  H-coal vacuum bot toms.  
c.  S e e  t e x t .  c. A t  200O. - 

The measu remen t s  a t  d i f f e r e n t  t e m p e r a t u r e s  ( a  g r e a t e r  r a n g e  and 
number o f  p o i n t s  t h a n  g i v e n  i n  Tab le  111) a l l o w  t h e  a c t i v a t i o n  ene rgy  
f o r  v i s c o u s  f l o w ,  q, t o  be d e t e r m i n e d  f rom t h e  E y r i n g  e q u a t i o n  ( 5 ) ,  
lnrl = A + E+/RT. These  v a l u e s  are  g i v e n  i n  T a b l e  111, a l t h o u g h  t h i s  
e q u a t i o n  is of u n c e r t a i n  v a l i d i t y  f o r  m o l e c u l e s  t h a t  a r e  f a r  f rom 
s p h e r i c a l  ( 6 ) .  The l i n e a r i t y  o f  a p l o t  of l n n  v s .  1 / T  may be u s e d  
as  a gauge  o f  i ts a p p l i c a b i l i t y  t o  a g i v e n  s y s t e m ;  t he  d a t a  f o r  t h e  
v a r i o u s  model s y s t e m s  w e r e  c l o s e l y  l i n e a r ,  w i t h  a c o r r e l a t i o n  c o e f -  
f i c i e n t  of 0.97-0.99. F o r  c o a l - d e r i v e d  ma te r i a l s ,  t h e  e q u a t i o n  i s  
l e s s  re l iable  ( c o r r e l a t i o n  c o e f f i c i e n t  0 .91-0 .96) ,  some c u r v a t u r e  
b e i n g  n o t i c e a b l e  a t  h i g h e r  t e m p e r a t u r e s .  

The a c t i v a t i o n  e n e r g i e s  are  of t h e  same o r d e r  of magn i tude  as  
t h e  ene rgy  o f  t h e  hydrogen  bond,  except f o r  t h e  " h i g h  m o l e c u l a r  
w e i g h t "  a s p h a l t e n e s  ( s o l u b l e  i n  t o l u e n e ,  b u t  i n s o l u b l e  i n  75% pen- 
t ane /25% t o l u e n e ) ,  t h e  v a l u e  f o r  which  i s  more t h a n  f i v e - f o l d  t h o s e  
o f  t h e  o t h e r s ,  and  i n  p a r t i c u l a r ,  i s  e i g h t  t i m e s  as  h i g h  a s  t h a t  f o r  
" l o w  m o l e c u l a r  weight"  a s p h a l t e n e s  ( s o l u b l e  i n  75% pentane /25% 
t o l u e n e ) .  

Among t h e  f o r e g o i n g  da t a ,  t h e  s y s t e m  2 + 11 p r o v i d e s  a r eason-  
a b l y  good s i m u l a t i o n  of t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of " l o w  
m o l e c u l a r  w e i g h t "  a s p h a l t e n e s .  Both t h e  a c t i v a t i o n  parameters and  
t h e  m a n i f e s t a t i o n  of non-Newtonian b e h a v i o r  v a r y  w i t h  t h e  l e n g t h  o f  
t h e  c o n n e c t i n g  c h a i n  of me thy lene  g r o u p s  a n d  t h e  p o s i t i o n  of t h e  
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H-bonding s i t e s ,  and  f u r t h e r  s t u d y  o f  t h e  r e l a t i o n s h i p  may p r o v i d e  
a more p r e c i s e  d e l i n e a t i o n  o f  t h e  s t r u c t u r a l  p o s s i b i l i t i e s  f o r  c o a l -  
d e r i v e d  l i q u i d s .  I t  a p p e a r s ,  however,  even  a t  t h i s  s t a g e ,  t h a t  t h e  
"h igh  molecu la r  w e i g h t "  a s p h a l t e n e s  owe t h e i r  v i s c o s i t y  t o  a majorr 
e x t e n t  t o  o t h e r  c a u s e s .  

W e  have made s i m i l a r  compar i sons  o f  t h e  i n f r a r e d  s p e c t r a  of 
me l t ed  a s p h a l t e n e s  and of model s y s t e m s  a t  e l e v a t e d  t e m p e r a t u r e s ,  
u s i n g  an e l e c t r i c a l l y  h e a t e d  ce l l  w i t h  i n t e r n a l  t e m p e r a t u r e  s e n s i n g ,  
and r e c o r d i n g  t h e  s p e c t r a  o v e r  a r ange  of t e m p e r a t u r e s .  A s  was ex-  
p e c t e d ,  t h e  a b s o r p t i o n s  due  t o  a s s o c i a t e d  0 - H  d e c r e a s e d  i n  compar i -  
son t o  u n a s s o c i a t e d  0 - H  as t h e  t e m p e r a t u r e  was r a i s e d .  The g e n e r a l  
f o r m  and  t h e  t e m p e r a t u r e  s e n s i t i v i t y  f o r  a s p h a l t e n e s  and  f o r  mix- 
t u r e s  o f  model p h e n o l s  and  p y r i d i n e s  w e r e  q u a l i t a t i v e l y  s i m i l a r .  
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